Current techniques used for total knee arthroplasty rely on conventional instrumentation that violates the intramedullary canals. Accuracy of the instrumentation is questionable, and assembly and disposal of the numerous pieces is time consuming. Navigation techniques are more accurate, but their broad application is limited by cost and complexity. We aimed to prove a new concept of computer-assisted preoperative planning to provide patient-specific templates that can replace conventional instruments. Computed tomography-based planning was used to design two virtual templates. Using rapid prototyping technology, virtual templates were transferred into physical templates (cutting blocks) with surfaces that matched the distal femur and proximal tibia. We performed 45 total knee arthroplasties on 16 cadaveric and 29 plastic knees, including a comparative trial against conventional instrumentations. All operations were performed using patient-specific templates with no conventional instrumentations, intramedullary perforation, tracking, or registration. The mean time for bone cutting was 9 minutes with a surgical assistant and 11 minutes without an assistant. Computer-assisted analyses of six random computed tomography scans showed mean errors for alignment and bone resection within 1.7°and 0.8 mm (maximum, 2.3°and 1.2 mm, respectively). Patient-specific templates are a practical alternative to conventional instrumentations, but additional clinical validation is required before clinical use.
The aim of a total knee arthroplasty (TKA) is to achieve long-term implant survival and successful functional outcome with cost effectiveness and minimal complications. For elderly patients, long-term implant survival has been reported as 90-95% after 10-15 years. 12, 32, 33 Some authors have questioned the high success rates and highlighted the pitfalls in outcome measurement, such as using revision as an end point, 28 or loss of followup. 27 The outcomes for TKA are worse for young, active patients, patients whose cases are complicated, and patients who have revision surgery. 32, 35, 38 Rand et al 32 reported a survival rate of 83% for patients younger than 50 years compared with 94% for patients older than 70 years at 10 years followup. Sierra et al 38 reviewed 3200 revision TKAs and reported a 26% cumulative rate of first reoperation after 10 years. Evaluation of the short-term outcome has not received much attention until the recent introduction of minimally invasive techniques. Complications after TKAs such as infection, bleeding, fat embolism, and thromboembolism still occur despite prophylactic measures.
The success of a TKA is dependent on surgical techniques 7, 8, 36 that require a high degree of accuracy and reproducibility. Technical errors can have detrimental effects on function and survival. Component malpositioning may lead to wear and loosening, or patellar instability resulting in early failure and revision surgery. 15, 17, 33, 44 As little as 3°varus/valgus angulation can significantly change the pressure distribution and total load in the medial and lateral compartments of the tibial component. 44 Bone cutting and alignment have to be achieved in threedimensional (3-D) planes. Accuracy can be difficult, as surgeons have different abilities in correlating the preoperative two-dimensional (2-D) data from plane radiographs to the complex 3-D anatomy during surgery. Surgeons may not be able to recognize up to 10°knee flexion secondary to flexed femoral and tibial components, and they tend to internally rotate the femoral implant. 40 Current surgical techniques rely on plain radiographs for preoperative planning and standardized conventional instrumentation for performing the procedure. Plain radiographs have limited accuracy. 14, 19, 22, 26 Ten degrees knee flexion and 20°external to 25°internal rotation can cause significant differences in knee alignment measurements. 22 Conventional instrumentations have been reported to have limitations that affect the ultimate accuracy of surgery, especially bone cutting and implant alignment. 3, 4, 16, 20, 40 Conventional instrumentations are based on average bone shape, which can vary widely between patients. 29 Nagamine et al 29 reported several anatomic variations in 133 Japanese patients with osteoarthritis (OA) of the knee. Others 33, 40, 41 have reported that significant malalignment errors (> 3°) resulted from using extramedullary and intramedullary (IM) rods. The accuracy of using conventional instrumentation for sizing also is questionable. 13 Conventional instrumentations are complex tools with numerous jigs and fixtures. Their assembly is time consuming and may lead to errors. 4 Their repeated use carries a theoretical risk of contamination. The use of alignment guides involves violating the IM canal. This can lead to a greater risk of bleeding, 3 infection, 25 fat embolism, 18 and fractures. 5 Each knee prosthesis has its own instrumentation. In the United Kingdom, there are more than 30 knee prostheses, and it is not unusual to have different prostheses used by different surgeons in the same department. 21 This may overload hospital inventory, sterilization services, nurses' learning curves, and operating room time. Although conventional surgical instrumentations have been refined, additional technologic improvements have been limited. 4 Computer-assisted navigation and robotic techniques have proved to be more accurate than conventional instrumentations. 3, 4, 6, 30, 37, 40 However, the broad application of such techniques is limited by cost, complexity, set-up time, and long learning curve. 31 We proposed a new concept of using computer-assisted preoperative planning to provide two-piece, patientspecific templates (cutting blocks) for TKA. The aim of this experimental trial was to prove the concept of patientspecific templating for TKA and to evaluate the accuracy of its technique.
MATERIALS AND METHODS
We performed 45 TKAs using the patient-specific templating technique. The surgical procedures were done in two phases: early single experiments 10 and late comparative trials. In the early phase, we performed 39 TKAs; 16 on cadaveric knees and 23 on plastic knees. The late phase was designed to compare the patient-specific templating with conventional instrumentation using six pairs of plastic specimens. The experimental work for both phases was done in three different stages: preoperative planning, surgical performance, and postoperative evaluation.
The 16 cadaveric legs were used consecutively without any influence from the investigators to select the quality of the joints.
All cadavers came from elderly donors whose knees showed variable severity of OA. The mean age of the cadaveric specimens was 85 years (range, 61-102 years), the mean height was 162 cm (range, 150-183 cm), and the mean weight was 56 kg (range, 44.5-70 kg). Eleven cadaveric legs were from female donors, and five were from male donors. There were nine left legs and seven right legs. Cadaveric knees were more representative of clinical circumstances. They have the soft tissue envelope and human bone quality that plastic bones lack. Plastic bones (Sawbones, Malmö, Sweden) made it possible to obtain different materials and types with various pathologic features such as OA, bone defects, femoral deformities, and tibial deformities. Plastic bones allowed complete observation of implant positioning during intraoperative evaluation. The plastic bones were kept as permanent records of the surgical procedures, allowing additional evaluation when needed. We used the PFC prosthesis (DePuy/Johnson and Johnson, Leeds, UK) because it is the most commonly used prosthesis in the United Kingdom. 21 The manufacturer provided us with computer-aided design (CAD) files of different sizes for the femoral and tibial components, including the polyethylene tibial inserts. Patellar replacement was not considered for this study.
The preoperative planning (Fig 1) was comprised of several steps: 3-D reconstruction and segmentation of computed tomography (CT) scan data, sizing and alignment of the prosthetic components, surgical simulation, template design, and production of the templates using the rapid prototyping technology. Computed tomography scanning of all specimens was done with 1-mm thick slices of the knee, proximal femur (for plastic bones only), and distal tibia. The femoral and tibial shafts were scanned with 5-mm thick slices. We used Materialise software (Materialise, Leuven, Belgium) 23 with its two packages (Mimics and Magics) for 3-D planning, surgical simulation, and designing the patient-specific templates. The CT data were reconstructed to provide 3-D images, and the femur and tibia were segmented from the soft tissues. Component sizing was determined by measuring the anteroposterior (AP) dimension of the distal femur and the contour of the distal tibia. This allowed selection of an exact or closely matched size of the femoral component from the CAD files. Sizing accuracy was confirmed when the selected component was superimposed over the bone and observed in the 3-D planes to exclude overhanging or notching. The interactive 3-D manipulation of images allowed rotation, translation, and inclination of the prosthetic components until desired alignment of the prosthesis was achieved. As in conventional surgery, the goal was to restore the mechanical axis, externally rotate the femoral component, and posteriorly tilt the tibial component.
One femoral and one tibial template were designed in the form of cutting blocks to allow bone preparation based on preoperative planning. This was achieved by creating slits in the templates to allow five flat bone cuts in the distal femur and one cut in the proximal tibia. The template was designed to have five cylindrical locators for the femur and four for the tibia. These locators were created in the internal surfaces of the templates, matching the surface shape of the distal femur and proximal tibia. Because these locators were patient-specific, they could only allow the templates to be placed in a unique and secure position. The locators were cannulated to allow passage of the fixation pins that provided additional stability to the templates over the bone. We also created lug holes and openings for the fixation stem and the keel. Surgical simulation of bone cutting and implant positioning (Fig 1) were performed using virtual templates. The accuracy of sizing, bone cutting, and prosthesis alignment was reassessed in 3-D planes. Errors were identified and corrected at this stage, and an iterative process was adopted until a satisfactory outcome was achieved.
The final design of the custom templates (patient-specific instruments) was transferred electronically to a vanguard selective laser sintering (SLS) rapid prototyping machine (Sinterstation HIQ Series, 3D Systems, Valencia, CA). 43 Patient-specific instruments then were produced from a Polyamide (nylon) composite material (DuraForm, 3D Systems), 43 which is a durable material for creating functional (tooling) prototypes. This material is licensed for in vivo exposure as an instrument, but not as an implant. Once manufactured, the templates were sterilized to test the stability of the templates against autoclaving. The required sizes of prosthetic components were produced by a rapid prototyping machine. These nonmetallic duplicates were meant to prevent artifacts during postoperative CT scanning.
We used the patient-specific templating technique to perform 45 TKAs; 41 by the first author (MAH) and four by a coauthor (KPS). Sixteen procedures were done on cadaveric specimens and 29 were done on plastic specimens (Fig 2) . The femur was held rigidly in a special leg holder that allowed the knee to move from full extension to more than 90°flexion. We used the standard medial parapatellar approach. The femoral and tibial templates (one at a time) were positioned uniquely over the respective bone, matching their unique shape. Fixation pins were inserted into the bone through the locators to provide additional stability during bone cutting. Traditional saw blades and drill bits of the appropriate diameter were used to make the various bone cuts and holes for lugs, stem, and keel.
In the early phase, we used the patient-specific templating technique to perform 39 single experiments (16 cadaveric and 23 plastic). The cadaveric specimens were used to optimize the shape of the templates so they could be accommodated easily in the soft tissue and bony constraints. They also were used to evaluate the effects of the articular cartilage on template positioning, and to identify the most reliable positions for the locators. In the late phase, we used six pairs of plastic specimens to compare the patient-specific templating technique with PFC conventional instruments (DePuy/Johnson and Johnson). The manufacturer advised us not to use these instruments on cadaveric specimens. Instead, the comparative trial was done on plastic bones. Plastic bones offered the advantage of providing identical pairs, which eliminated any bias from the anatomic and pathologic variables of cadaveric legs. The most suitable material of plastic bones was the foam cortical shell (Model # 1151, Sawbones). Six pairs of identical plastic bones were used, and all had equal severity of OA. To avoid bias, the surgeon (MAH) had to acquire a nearly identical experience with patient-specific templating and conventional instrumentations. Although the surgeon (MAH) had previous and concurrent experience using this type of conventional instrumentation on patients, he performed three TKAs using conventional instrumentation on plastic bones. This exercise was done outside the study 2 days before the comparative trial. To test the ease of use, the trial was designed to have the first three procedures for each arm performed with the support of a surgical assistant and the next three pairs to be performed without an assistant.
The evaluation process included intraoperative assessment and postoperative computer-assisted analysis. For intraoperative assessment, a specific evaluation form was used to record these outcome measures: (1) ease of insertion of the femoral and tibial templates in the soft tissue and bony constraints; (2) successful positioning of templates and the presence of a secure position of the templates over the distal femur and the proximal tibia; (3) 
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Hafez et al completion of all bone cuts using the templates; (4) durability of the templates against autoclaving and bone cutting by saw blades; (5) positioning of the prosthesis and the presence of overhanging or notching; (6) thickness of the gaps between the prosthesis and the surface of all bone cuts using steel shims; (7) operative time; and (8) number of technical steps. Other observations were the surgeon's feelings regarding ease of use, the need for surgical assistance, and level of invasiveness (use of IM guides).
Computer-assisted analyses (Fig 3) were performed for six randomly selected postoperative CT scans to evaluate the accuracy of sizing, alignment, and bone cutting (outcome measures). The six specimens were cadaveric and had the nonmetallic prosthesis in situ during scanning. The reconstructed postoperative images were superimposed in 3-D planes (coronal, sagittal, and transverse) over the corresponding preoperative images that represent preplanned cuts. Different colors were used to differentiate between preoperative and postoperative images. This made it possible to determine the amount of deviation of the operative performance (bone cutting) from the preoperative plan.
For cost comparison, information was gathered on the costs of patient-specific templating and conventional instrumentations.
RESULTS
It was proved feasible to completely perform the 45 TKAs using patient-specific templating without resorting to conventional instrumentations. This feasibility was based on: (1) the ability to insert the femoral and tibial templates in the soft tissue and bony constraints; (2) successful positioning of the templates; (3) complete preparation of the bone without resorting to conventional jigs; (4) stability of the templates against autoclaving as they showed no signs of surface damage or distortion; and (5) the robustness of the template material to be used as cutting blocks resisting physical destruction from the saw blades and drills. The single experiments showed that articular cartilage might lead to difficulties in positioning the templates because cartilage does not show well on CT scans. Therefore, the locators were positioned in cartilage-free areas.
The intraoperative evaluation showed accurate sizing of femoral and tibial components, but not tibial polyethylene components. The sizing of polyethylene was abandoned because it was difficult to estimate the gaps and the soft tissue tension during preoperative planning. There was one case of anterior femoral notching. The accuracy of bone cutting as measured by steel shims was better than that of conventional instrumentation (Table 1) . Patient-specific templating had smoother and more accurate finishing of the single tibial and five femoral cuts as only two of six cases (four for conventional technique) had gaps of 1 mm or greater between bones and implants as measured by steel shims. In addition to intraoperative assessment, the results of the computer-assisted analyses of the six postoperative CT scans confirmed the accuracy of patientspecific templating ( Table 2 ). The mean errors for alignment and bone resection (joint line level) were within 1.7°/mm and a maximum error was less than 2.3°/mm. The computer-assisted analyses also confirmed that component sizing was accurate .   Fig 2A-B . Intraoperative photographs of (A) an experiment on plastic bone and (B) an experiment on cadaveric specimen show the positioning and fixation of the templates that act as patient-specific cutting blocks.
The operative time for the patient-specific templating technique was reduced in comparison to the conventional technique (Table 1 ). This was more pronounced when surgery was done without assistance. The patient-specific instrumentation was found to be less invasive compared with conventional instrumentation because of eliminating the IM rods that perforate the IM canals. The rods may clinically predispose patients to a greater risk of bleeding, 3 fat embolism, 18 infection, 25 and fractures. 5 The nonmetallic material of the template was lighter and smoother compared with the numerous heavy metallic pieces of conventional instrumentations. The sharp edges and spokes of conventional instrumentation can cause soft tissue or bony damage. During the comparative trial, the surgeon (MAH) had a minor injury while handling the conventional femoral cutting block that had two sharp spokes. The short 
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Hafez et al operative time for the patient-specific instrumentation compared with conventional instrumentation is another feature of reduced invasiveness. In addition to the subjective feelings of the surgeon (MAH), objective findings suggested that the patientspecific templating technique is user friendly (Table 1) . There were 84 pieces of jigs and fixtures in the conventional instrumentation set compared with only two for the patient-specific instrumentation. Unlike the patientspecific templating technique, the conventional technique required setting up instruments and spatial arrangements to give the surgeon and the assistant enough space with free access to the knee and the instruments. Conventional instrumentation also required assembling and dismantling of different pieces and involved several steps of sizing, alignment measurements, and bone cutting. This results in an increased possibility for mistakes such as omitting or reversing steps. Operative time was longer, and the requirement for surgical assistance was more important with the conventional technique. We found the patient-specific templating technique to be relatively less demanding and more user friendly than the conventional technique.
Information regarding cost of the patient-specific templating technique revealed that the cost of CT scans in this study was $100 per specimen. The cost of the femoral and tibial templates, including materials and manufacturing was $200. There was no need to purchase the rapid prototyping machine. These costs were compared with the costs of conventional instrumentations, which includes manufacturing, maintenance, storage, sterilization, and training. The manufacturers usually provide the instruments free of charge, but the actual cost is offset by increased costs of the prostheses. Information from the implant manufacturer indicated that the actual cost of manufacturing a set of conventional instruments is approximately $30,000. The instruments must be discarded after 5 years, therefore, their average use is approximately 150 operations. Based on this information, the cost of manufacturing is approximately $200 for each operation. In addition, the cost of sterilization of conventional instrumentation for each operation is approximately $180.
DISCUSSION
The outcome of a TKA depends on the surgical technique. 7, 8, 36 Technical errors such as malalignment may lead to early failure. 15, 17, 33, 44 Variations in surgical performance and outliers in TKAs still occur and they may affect outcome. [15] [16] [17] 41 There is also a need to improve the outcome of TKAs, particularly for difficult cases in young, active patients, patients with bone abnormalities, and patients who have revision surgery. Outcome improvement has to be viewed for cost effectiveness and minimizing complications. Conventional instrumentations are relatively invasive and have limited accuracy. 3, 4, 16, 20, 40 Computer-assisted navigation and robotic techniques have proved to be more accurate than conventional instrumentations.
3,4,6,30,37,40 However, their broad application is limited by cost and complexity. In addition, navigation techniques still rely on conventional instrumentation for making the various bone cuts, and they require additional instruments and insertion of tracking pins. This doubleinstrumentation system (navigation and conventional instrumentation) may overload hospital inventory, sterilization services, and operating room time. Improving ergonomics in the surgical workplace 39 would be more difficult with bulky navigation devices that require continuous tracking. Navigation and robotics also require registration, which is relatively ambiguous and subject to errors. 40 Our results showed that patient-specific templating is an alternative to conventional instrumentation, relatively easier to use, less invasive, time saving, and accurate. The different components used in this system have been validated previously including the Materialise software, 2, 23 the rapid prototyping machine, 1,2,9,31,43 and the rapid prototyping material (Duraform). 1, 43 Accuracy of using the templates as instruments (cutting blocks) was shown in the results of the comparative trial and the computer-assisted postoperative analyses of CT scans ( Table 2 ). The mean errors for alignment and bone cutting were within 1.7°/mm (range, 0°/mm-2.3°/mm). This level of accuracy is greater than levels reported for conventional techniques 15, 17, 33, 40, 41 and compares favorably with levels of navigation techniques. Computer-assisted TKA
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Our study has several limitations. It is a laboratory rather than a clinical study, and may not include all the variabilities in real life circumstances. Identical plastic bones rather than cadaveric specimens were used for the comparative trial. The former do not have a soft tissue envelope and do not require image segmentation during planning. Owing to limited resources, time constraints, and availability of conventional instruments, the number of specimens for the comparative trial was small. Also because of limited resources and time constraints, analyses of postoperative CT scans were done for only six random specimens. Ideally, analyses should have been done for all specimens. The small number did not allow for statistical analysis. At the time of submitting this study, additional work has been done to evaluate intraobserver and interobserver reliability of positioning the templates performed by five observers. The initial analysis showed that the mean error of alignment was 0.67°and the maximum error was 2.5°(an outlier that occurred with tibial post sloping).
The mean error for bone resection was 0.32 mm and the maximum error was 1 mm.
The cost of sterilizing conventional instrumentations was more than the cost of CT scans, and slightly less than the cost of the templates. In addition to the hidden cost of manufacturing of conventional instrumentation, the required training for nurses and surgeons is time consuming and expensive. The most precious resource is the operating room time that is wasted for setting up, assembling, dismantling, and disposing the numerous pieces of conventional instrumentation. The patient-specific templating technique may provide the opportunity for surgeons in training to practice preoperative planning of TKAs. The surgical simulation allows identification and correction of errors in 3-D planes. During the early learning curve, surgeons can perform patient-specific templating techniques on patient-specific plastic knee models that can be produced by a rapid prototyping machine based on the patients' CT scans. Therefore, surgeons can see the results of surgery before they operate on patients. Patient-specific templating techniques can measure surgical performance by comparing postoperative imaging with the recorded preoperative planning.
One of the important clinical advantages of the patientspecific templating technique is the potential for reducing infection by avoiding intramedullary perforation, shortening tourniquet time, and eliminating reusable conventional instruments that have numerous pieces of jigs and fixtures with multiple holes and canals. Reusable instruments also carry the theoretical risk of spreading serious diseases that require extraordinarily high levels of sterilization such as variant Creutzfeldt-Jakob Disease (vCJD). 42 The patientspecific templating technique may prove useful for patients with complex deformed knees in which the use of the conventional IM rods are not recommended. During planning, the volume of removed bone can be quantified, allowing the possibility of bone conservation for young patients. Patient-specific templating is more amenable to minimally invasive techniques, as it provides only twopiece instruments and obviates the need for using IM guides. The current size and shape of the templates can be reduced to fit into the minimally invasive approaches; however, this requires additional investigation.
Application of rapid prototyping in medicine is still in its infancy. 24 The majority of the clinical reports are from dentistry and maxillofacial surgery. 11 Rapid prototyping machines work as 3-D printers to produce physical models from CAD data. Orthopaedic applications were confined to the production of models and guides 2,9,31 rather than tools or instruments. The main criticisms to this approach were the drawbacks of additional preoperative preparation and the use of CT scans that involve cost and radiation. Brown et al 2 reported successful and cost-effective use of rapid prototyping for surgical treatment of fractures in 117 patients, suggesting that rapid prototyping is the future of trauma surgery. 2 Radermacher et al 31 and Fortheine et al 9 reported their pioneering works of using rapid prototyping in spinal, hip, and knee surgeries. Their work on TKAs was to produce templates that can guide conventional cutting blocks. Although they dispensed of the medullary alignment guides, the templates did not replace the conventional instrumentations. A literature review did not reveal any study in which patient-specific instruments (cutting blocks) were developed that completely replace conventional instrumentation. Our technique is conceptually a new generation of the previously reported templating techniques. 9, 31 Clinical application of the patient-specific templating technique requires only CT images and a personal computer with the specific software. The services of rapid prototyping machines and template production can be performed off campus, obviating the need to purchase such equipment. Designing the templates can be transferred to rapid prototyping machines using electronic mail. The templates can be sent back to the hospital facility by post, where it will be autoclaved. The patient's initials, hospital number, and side of the knee should be engraved on the templates. Patient-specific templating can be applied to any knee prosthesis provided the manufacturers are willing to provide the CAD files of their prostheses for preoperative planning.
There are drawbacks to the patient-specific templating technique. The radiation exposure from CT scans is a concern, but it may be justified by the benefits. Attempts have been made to develop low-cost low-radiation CT scans. 34 
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Hafez et al Intraoperative measurement and adjustment are limited. However, surgeons rely on conventional cutting blocks that allow four or five femoral cuts in one block. Robotic techniques also have limited intraoperative adjustments and rely on the accuracy of preoperative planning. 6, 14, 19, 30, 37 The template design can be modified for controversial conditions. In our study, there was a cadaveric specimen that had a fixed flexion deformity that required us to develop two femoral templates with different options for the level of resection of the distal femur. Another drawback is the lack of support for soft tissue balancing. In conventional techniques, surgeons use their own judgment to perform soft tissue balancing. In the patientspecific templating technique, accurate preoperative sizing and alignment should lead to precise bone cutting that will diminish the need for soft tissue release. The ease and speed of performing bone cuts using the patient-specific templating technique may allow the surgeon to focus his efforts on soft tissue balancing if needed. Changes in the routine practice of TKA by shifting certain surgical steps from the intraoperative stage to the preoperative stage also are drawbacks. Although this may save on operative time, some surgeons may not tolerate such changes.
We found the patient-specific templating technique to be a practical alternative to conventional instrumentation technique. It confines the computational work to the preoperative stage and provides the surgeon with only two patient-specific instruments (cutting blocks) that are easy to use, less invasive, and time saving. Our laboratory study showed that the technique was accurate, but clinical trials are required before recommending this new technique for clinical use.
